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3) C. albicans can grow under conditions ranging from pH 2 to 10.
4) The hyphal growth is observed above pH 6 and yeast growth is observed below pH 5. 5) Under aerobic conditions, glucose is metabolized to acetyl CoA via the glycolysis pathway. At this time, the glycolysis pathway generates ATP molecules in the cytoplasm. When acetyl CoA enters the tricarboxylic acid (TCA) cycle in the mitochondrion, NADH is generated. 6) Then, reoxidation of NADH through the mitochondrial respiratory chain induces a volume of ATP molecules. While under anaerobic condition, the TCA cycle and mitochondrial respiratory chain are terminated, the regeneration of NAD ϩ is caused by the alcohol fermentation pathway. In this pathway, acetaldehyde plays a role as the exogenous electron acceptor to produce ATP. 7) Sodium sulfite is used as a leading food preservative. 8) As sodium sulfite binds to oxygen and induces an anaerobic condition (2Na 2 SO 3 ϩO 2 ϭ2Na 2 SO 4 ), 9) the growth of aerobic microorganisms is effectively inhibited. Sodium sulfite showed a negative effect on mutagenicity studies and was not irritating or sensitizing on clinical tests. 10) There are a few studies describing the effects of sodium sulfite on human neutrophils and macrophages, in which activation of superoxide production and gene expression by sulfite are demonstrated. [11] [12] [13] However, there is no report about the effect of sodium sulfite on C. albicans, a facultative anaerobic fungus.
In this study, we demonstrated that sodium sulfite showed an anti-Candida activity under acidic conditions, and described its activity.
MATERIALS AND METHODS
Reagent Sodium sulfite (Nacalai Tesque) was used in this study.
Fungus Candida albicans BWP yeast cells was maintained at 27°C in Sabouraud's liquid medium (2% glucose, 1% peptone and 0.5% yeast extract) with shaking for 24 h. After the incubation, the yeast cells were washed with sterilized water, then suspended in RPMI1640 medium (Nissui) for various experiments.
Effect of Sodium Sulfite on the Growth of C. albicans
To monitor the effect of pH on the anti-Candida activity of sodium sulfite, RPMI1640 medium mixed with sodium sulfite (final concentration 10 mg/ml) was adjusted to pH 3, 4, 5, 6 and 7 by adding 1 N HCl solution, respectively. C. albicans BWP (final concentration 1ϫ10 5 cells/ml) was suspended in pH-adjusted RPMI1640 medium and incubated at 37°C in 5% CO 2 for 24 h. After incubation, the total number of cells was measured at OD 620 using Immuno Mini NJ-2300 (Inter Med). To examine whether the effect of sodium sulfite is candidacidal or candidastatic, C. albicans cells treated with sodium sulfite were harvested and washed twice with sterilized water, then the cells were suspended in fresh RPMI1640 medium (pH 7). Twenty-four hours after incubation at 37°C in 5% CO 2 , the total number of cells was measured by the absorbance at OD 620 .
Measurement of ATP RPMI1640 medium mixed with sodium sulfite (final concentration 10 mg/ml) was adjusted to pH 5 by adding 1 N HCl. C. albicans BWP was added to this medium (final concentration 1ϫ10 5 cells/ml), and incubated at 37°C in 5% CO 2 for 30, 60, 90, 120 and 150 min, respectively. After incubation, C. albicans were washed with sterilized water, and the ATP concentration in cells was measured using CheckLite 250 plus kit (Kikkoman). Using this kit, ATP could be detected as fluorescence intensity: (ATPϩLu-ciferinϩO 2 ϩLuciferaseϩMg 2ϩ →OxyluciferinϩAMPϩPPi ϩCO 2 ϩfluorescence). The relative fluorescence unit (RLU) was measured by Luminometer, MiniLumat LB9506 (Berthold, Germany). The number of cells was also counted by hemocytometer, and the amount of ATP per cell was calculated.
Ethanol Production of C. albicans C. albicans (1ϫ10 5 cells/ml) was incubated in RPMI1640 medium mixed with/without sodium sulfite (pH 5 or 7) at 37°C in 5% CO 2 . The culture supernatants were harvested 2 h after the incubation, and then the supernatants were heated (95°C, 5 min). The ethanol concentration in each supernatant was detected by F-Kit (R-Biopharm AG). Quantity of C. albicans under this condition was measured by the absorbance at OD 620 , and calculated as the number of cells. The amount of ethanol per 1ϫ10 5 cells was shown in a result. Statistical Analysis Values are shown as meansϮstan-dard error, and statistical analyses of these data were performed using the Student's t-test.
RESULTS

Effect of Sodium Sulfite on the Growth of C. albicans under Various pH Conditions
To study the effect of sodium sulfite on the growth of C. albicans under several pH conditions, C. albicans BWP cells were incubated with sodium sulfite in RPMI1640 medium (pH 3-7) for 24 h. As a result, the growth of C. albicans was inhibited by the addition of sodium sulfite between the conditions of pH 3-6 ( Fig. 1) . In the condition of pH 7, the growth of C. albicans was not inhibited by sodium sulfite. When C. albicans was cultured without sodium sulfite, C. albicans could grow under all pH conditions. To examine whether the anti-Candida activity of sodium sulfite under acidic pH conditions was candidacidal or candidastatic, C. albicans treated with sodium sulfite between pH 3-7 for 24 h was re-cultured in fresh RPMI1640 medium and growth activities were monitored. In the control group, C. albicans could grow under all pH conditions. C. albicans treated with sodium sulfite at pH 7 resumed growth, however, C. albicans treated with sodium sulfite below pH 6 could not grow in fresh RPMI1640 medium (data not shown). These findings indicate that sodium sulfite exhibited candidacidal effect under acidic pH condition.
Effect of Sodium Sulfite on ATP Concentration in C. albicans Because sodium sulfite completely controlled the proliferation of C. albicans under acidic conditions (Fig. 1) , the following experiments were performed under pH 5. When the cells were treated with sodium sulfite for 30, 60, 90, 120 and 150 min, the proliferation of C. albicans was completely inhibited at 150 min (Fig. 2) . Thus, the change in ATP production of C. albicans was monitored between 0 to 150 min to analyze the mechanism of the candidacidal effect of sodium sulfite (Fig. 3) . ATP production by C. albicans was increased in the control group. In contrast, the concentration of ATP in cells treated with sodium sulfite was decreased.
Effect of Sodium Sulfite on Ethanol Production in C. albicans Under anaerobic condition, ATP is produced by alcohol fermentation. 7) To confirm whether sodium sulfite inhibited fermentation at pH 5, the function of fermentation was measured. In this assay, ethanol production was used as an index of fermentation. As a result, ethanol production was inhibited by addition of sodium sulfite at pH 5 compared with that in the control (Fig. 4) . At pH 7, sodium sulfite did not affect ethanol production.
DISCUSSION
Sodium sulfite is used as preservative, and inhibits the growth of aerobic bacteria. However, the anti-Candida activity has not previously been clarified. In this study, we demonstrated that sodium sulfite showed anti-Candida activity in acidic condition, and analyzed the mechanism of its activity.
When C. albicans BWP was incubated in RPMI1640 C. albicans BWP (1ϫ10 5 cells/ml) was incubated with sodium sulfite (10 mg/ml) in RPMI1640 medium (pH 3-7) at 37°C in 5% CO 2 for 24 h. After incubation, the total number of cells was measured by absorbance at OD 620 . Fig. 2 . Appropriate Duration of Treatment with Sodium Sulfite Required to Induce Candidacidal Activity C. albicans BWP (1ϫ10 6 cells/ml) was treated with sodium sulfite at pH 5 for 30, 60, 90, 120 and 150 min, respectively. The cells were harvested and washed twice with sterilized water, then the cells suspended in fresh RPMI1640 medium (pH 7) for incubation at 37°C in 5% CO 2 . Twenty-four hours after the incubation, the total number of cells was measured as OD 620 nm. C. albicans (1ϫ10 5 cells/ml) was incubated in RPMI1640 medium with/without sodium sulfite (pH 5 or 7) at 37°C in 5% CO 2 for 2 h. Ethanol concentrations in supernatants were measured as described in Materials and Methods. medium without sodium sulfite, C. albicans could grow under conditions ranging from pH 3 to 7 (Fig. 1) . However, sodium sulfite inhibited the growth of C. albicans under conditions between pH 3 to 6. At pH 7, there was no growth inhibition following the addition of sodium sulfite. These findings indicated that sodium sulfite expressed anti-Candida activity under acidic condition. The activity was cytotoxic and expressed within 150 min (Fig. 2) , suggesting that metabolic interruption by sodium sulfite occurred within 150 min. As ATP is an energy source for the growth of C. albicans, we measured the amount of ATP to examine whether sodium sulfite inhibited the ATP production system. Sodium sulfite is an oxygen absorbent and the amount of ATP of C. albicans was decreased within 30 min after the addition of sodium sulfite (Fig. 3) , indicating that aerobic ATP production was effectively inhibited by sodium sulfite. ATP is generally generated in both the respiratory chain and the glycolysis pathway under aerobic conditions. However, ATP is also produced by alcohol fermentation when cells are under anaerobic condition. 7) C. albicans is a facultative fungus in which ATP production is not terminated under anaerobic conditions. Thus, we suggested that sodium sulfite could inhibit not only aerobic respiration but also alcohol fermentation. As shown in Fig. 4 , alcohol fermentation at pH 5 was strongly inhibited by sodium sulfite. These findings indicated that the ATP production system, aerobic respiration and alcohol fermentation was interrupted by the treatment of sodium sulfite at pH 5. The interruption of ATP production might be a cause of growth inhibition of C. albicans.
The cause of differences in anti-Candida activity following the addition of sodium sulfite under acidic and neutral conditions was not clarified in this study. However, as sodium sulfite generated SO 2 gas under acidic conditions, 14) SO 2 gas might increased oxidative stress in the cells. Although sodium sulfite is widely used as a preservative, the effect may be further developed by reconsideration of treatment methods.
